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Configuration of three different concave silver core-shell nanoresonators was numerically optimized 
to enhance the excitation and emission of embedded silicon vacancy (SiV) diamond color centers 
simultaneously. Conditional optimization was performed to ensure ~20–30–40 and 50% apparent 
quantum efficiency (cQE) of SiV color centers. The enhancement spectra, as well as the near-field 
and charge distribution were inspected to uncover the underlying nanophotonical phenomena. 
The conditionally optimized coupled systems were qualified by the product of the radiative rate 
enhancements at the excitation and emission, which is nominated as Px factor. The optimized spherical 
core-shell nanoresonator containing a centralized emitter is capable of enhancing the emission 
considerably via bonding dipolar resonance. The Px factor is 529-fold with 49.7% cQE at the emission. 
Decentralization of the emitter leads to appearance of higher order nonradiative multipolar modes. 
Transversal and longitudinal dipolar resonance of the optimized ellipsoidal core-shell resonator 
was tuned to the excitation and emission, which results in 6.2∙105 Px factor with 50.6% cQE at the 
emission. Rod-shaped concave core-shell nanoresonators exploit similar transversal and longitudinal 
dipolar resonance, moreover they enhance the fluorescence more significantly due to their antenna-
like geometry. Px factor indicating 8.34∙105 enhancement is achievable while the cQE is 50.3% at the 
emission.
Metal nanoparticles are capable of coupling light into collective electron oscillations at their resonance frequen-
cies, which phenomenon is nominated as localized surface plasmon resonance (LSPR). The LSPR is of great 
interest due to the accompanying strong EM-field localization into regions significantly smaller than the illumi-
nating wavelength, which can be exploited in different application areas including high sensitivity biosensing and 
photo-thermal cancer therapy1,2. Metal nanoshells on dielectric cores are interesting plasmonic structures, since 
they have widely tunable spectral and near-field properties, which have been already described in the literature3. 
Metal nanoshells on their boundary can support primitive sphere- and cavity plasmons, hybridized modes as well 
as higher order multipoles by leaving the quasistatic limit, i.e. when the particle size becomes larger than λ/10, 
where λ is the wavelength in the surrounding medium4,5. It is an intriguing property of core-shell particles that 
the same dipolar mode can appear in case of different geometries and surprisingly larger scattering cross-section 
can be achieved via thicker metal shells, however, these dipolar modes are accompanied by different number of 
multipoles4.
Geometrical tuning of different multipolar modes into specific wavelength intervals was realized, and the 
differences in the far-field patterns were analyzed5. Precise geometrical tuning is ensured by the hybridization of 
primitive plasmons supported by the core-shell type nano-objects. The simplest hybridization of primitive sphere 
and cavity plasmons results in a lower energy resonance with a symmetric charge distribution and in a higher 
energy resonance with an antisymmetric charge separation, which are also referred as bonding and antibonding 
modes, analogously to the molecular orbital theory5–7.
1Department of Optics and Quantum Electronics, University of Szeged, Dóm tér 9 Szeged, H-6720, Hungary. 
2Institute of Informatics, University of Szeged, Árpád tér 2, Szeged, H-6720, Hungary. Correspondence and requests 
for materials should be addressed to M.C. (email: mcsete@physx.u-szeged.hu)
Received: 19 May 2017
Accepted: 6 October 2017
Published: xx xx xxxx
OPEN
www.nature.com/scientificreports/
2Scientific REPORTS | 7: 13845  | DOI:10.1038/s41598-017-14227-w
Many works have been presented about, how the energy of these plasmon modes depends on the dielectric 
properties of the embedded core and the surrounding medium, as well as on the ratio of the core radius and the 
full composite nanoparticle radius, which is nominated as the generalized aspect ratio (GAR)8,9. In a homogene-
ous dielectric medium the energy of a nanoshell plasmon resonance is determined solely by the GAR in the qua-
sistatic limit8. Namely, increase of the GAR strengthens the interaction between the primitive plasmons, which 
red-shifts the symmetric mode-, while blue-shifts the antisymmetric mode-related resonance peak. In general, 
increase of the permittivity of the surrounding medium promotes the appearance of higher order multipolar 
modes at larger wavelengths and red-shifts the already existing plasmon resonances. Since the plasmon peak shift 
is linearly proportional to the refractive index modification of the embedding medium, bio-sensing applications 
have been developed5,10. In core-shell design considerations it is important to note, that an embedding medium 
with higher permittivity makes the resonances more sensitive to GAR changes.
Modification of the core’s permittivity has similar spectral effect to that of the surroundings’, however, the 
symmetric bonding mode is more sensitive to the embedding medium, while the antisymmetric antibonding 
mode exhibits larger sensitivity to the changes of the core’s medium9. Interestingly, in case of nanoshells the larger 
particle radius does not lead essentially to a stronger scattering. It is especially true for the core-shell particles 
consisting of multiple dielectric and metal layers, e.g. for the so-called nanomatryoskas, where modification of the 
middle dielectric layer thickness makes it possible to control the scattering efficiency11,12. All these phenomena 
can be explained based on the hybridization model with some restrictions, and experiments also prove that by 
modifying the surroundings’ and core’s dielectric properties or the GAR of the nanoshell, the plasmon resonances 
can be tuned from UV throughout the IR5–7.
Several works have been devoted to exploit the LSPR to enhance fluorescence of different emitters and to real-
ize efficient light extraction13–15. All these efforts are based on that the absorption and scattering cross-sections 
of plasmonic nanoresonators can be detuned via a properly designed geometry. Simple metal nanorods are espe-
cially promising candidates for fluorescence enhancement due to their co-existent longitudinal and transversal 
LSPRs occurring at wavelengths tunable by the geometry16. In our previous study, we have shown those precisely 
tunable properties, which make the noble metal nanorods capable of enhancing the emission and excitation 
simultaneously17. Near-field enhancement around plasmonic nanorod labels makes it possible to improve also 
nanoscopy resolution via stimulated depletion enhancement18. Special advantage of nanoshells is that they can 
support various multipolar resonances due to the plasmon hybridization, which leads to distinct peaks on their 
extinction spectra4,5. Elongated nanoshells also show distinct plasmon resonances according to the symmetry 
breaking stem from different axes and to the hybridization of the corresponding primitive modes19–21. Moreover, 
nanoshells with reduced symmetry could also sustain various plasmonic resonances22–24. However, only a few 
studies have been realized to use them as fluorescence enhancing resonators25. This is caused by the retardation 
effects and the electron scattering phenomenon, which limits the resonator quality properties of larger core-shell 
particles26,27. Accordingly, there is a great demand for core-shell resonators capable of approaching the materials 
related limits.
The near-field enhancement accompanying plasmonic modes on various metal elements has important 
applications in solid-state quantum systems development17,28–36. Resonant energy transfer between donors and 
acceptors and spontaneous emission of quantum emitters can be strongly enhanced via coupling to metallic 
wedges and channels. Moreover, strong-coupling mediated by plasmonic waveguides occurs through relatively 
long distances promoting superradiance29. Far-field coupling of quantum emitters is realizable via antenna modes 
with high directivity30. Diamond color centers are stable single-photon sources and possess unpaired electron 
spin functioning as a qubit at room temperature hence they are important for quantum information processing 
(QIP) applications17,31–36. In case of nitrogen vacancy (NV) centers implanted into diamond posts surrounded by 
silver more than 30-fold spontaneous emission rate enhancement was reported at a specific diamond-silver aper-
ture size31. It was shown that NV color centers in nanodiamond positioned into a gold channel exhibit two-fold 
lifetime reduction and 42% of fluorescence energy efficiency couples into channel plasmons32. Silicon vacancy 
centers (SiV) are recently the most promising novel diamond defects for QIP and quantum cryptography appli-
cations due to their advantageous relaxation time, stability, uniquely narrow spectral lines and the rare orthog-
onality of dipoles corresponding to the transition moments of excitation and emission17,33–36. The QE0 intrinsic 
quantum efficiency of SiV is below 10%, i.e. smaller than the 90% QE0 of NV, accordingly significant improvement 
in apparent quantum efficiency (cQE) can be achieved via coupled plasmonic nanoresonators37–40. To control 
SiV emission in integrated photonic networks via photonic and plasmonic cavities is in a great interest. Efficient 
coupling of SiVs to high quality factor microdisks was demonstrated and lifetime reduction from 1.83 to 1.48 ns 
has been achieved36. In our previous study we have shown that in optimized metal nanorod based configurations 
SiV fluorescence enhancement in the order of 104 can be achieved17.
In this paper, we present results about the fluorescence enhancement of silicon vacancy diamond color centers 
via various concave core-shell type nanoresonators. To enhance the fluorescence of SiV centers, diamond cores 
were embedded into silver nanoshells, and their optical response was optimized via geometry tuning. The pur-
pose was to enhance the radiative rate at the excitation and emission wavelengths simultaneously. Based on the 
literature 10% QE0 intrinsic quantum efficiency was taken into account. The intuitive expectation is that the 
quantum efficiency (QE) of the coupled system could be enhanced with respect to that of the previously inspected 
silver nanorod enhanced SiV centers, according to the reduced amount of the absorbing metal17. Optimization of 
different type concave core-shell nano-resonator illumination configurations has been performed to demonstrate 
their special advantages and to uncover the underlying nanophotonics.
Results and Discussion
Centralized dipole in optimized spherical concave core-shell nanoresonator (CSCS). The sim-
plest inspected configuration is, when a centralized dipole is embedded into a spherical core-shell nanoresonator 
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closed by a silver nanoshell. Here only the r1 core radius and t shell thickness were varied and the optimization 
resulted in a core-shell with 0.854 generalized aspect ratio (GAR = r1/(r1 + t)), which exhibits a resonance and 
corresponding Purcell factor peak exactly at the SiV emission wavelength (Fig. 1a,b, Supplementary Table S1). 
Based on that the spectral position of the plasmon resonance is dependent mainly on the generalized aspect ratio 
of a core-shell structure close to the quasistatic limit, one could expect that by tuning the GAR it is possible to tune 
the plasmonic resonance to the SiV excitation and hence to enhance the fluorescence via excitation rate enhance-
ment (Supplementary Fig. S1). However, caused by the criterion set during optimization regarding that the cQE 
(which is the apparent quantum efficiency corrected by QE0, specified in equation (2), see Methods section) must 
approach 50% at the emission, the optimization resulted in a coupled system exhibiting a large δRemission
rad  radiative 
rate enhancement at SiV emission, which is in accordance with equation (1) in Methods section.
The coupling of the centralized SiV color center to the spherical core-shell resonator results in large 482-fold 
emission rate enhancement, while the 1.1-fold radiative rate enhancement at the wavelength of excitation is only 
slightly larger than unity. The product of radiative rate enhancements is Px = 529 in case of the optimized CSCS 
(Supplementary Table S1). An important advantage of the centralized spherical core-shell configuration is that 
the QE is high (73.2% and 49.7%) both at the excitation and emission wavelengths. Accordingly, the spherical 
core-shell nanoresonator enhances the cQE apparent quantum efficiency with respect to the intrinsic QE0 of the 
centralized SiV by a factor of 4.97. In case of this simple coupled system the results obtained by the in-house 
developed optimizing algorithm were verified by a parametric sweep above the r1 core radius and t shell thickness 
space (Supplementary Figs S1 and S2). It was also revealed that a gradually increasing QE can be obtained at the 
excitation wavelength by increasing the core radii, while there is a narrow optimal parameter region capable of 
maximizing the cQE at the emission. However, the parameter region appropriate to enhance the δRexcitation emission
rad
/
radiative rate is governed by the Purcell factor at both wavelengths (Supplementary Figs S1 and S2).
Due to the rotational symmetry of the spherical core-shell nanoresonator the optical response is independ-
ent of the spatial orientation of the electric dipole, accordingly the optical responses take on the same values in 
excitation and emission configurations. Consequently, only dipolar plasmonic modes can be excited both at the 
excitation and emission wavelengths. Detailed inspection of the charge and near-field distribution shows that the 
dipolar charge distributions on the CSCS are perpendicular to each other, but the resonance is exclusively cavity 
and partially sphere plasmon like and the corresponding E-field enhancement is very weak and significantly 
stronger at the excitation and emission, respectively (Fig. 1c, top and bottom). At both wavelengths along the 
dipole oscillation direction a well-defined E-field depletion is observable around the dipole in the resonator and 
inside the shell with respect to that in a homogeneous environment. The near-field is the weakest inside the metal 
shell, where the strongest charge accumulation with the same sign is observable on the inner and outer interface, 
in accordance with the literature5.
The near-field is enhanced along the dipole oscillation direction in the close vicinity of the metal shell due to 
the evanescent field of the LSPR, while the enhancement farther on outside perpendicularly to the dipole oscilla-
tion direction corresponds to the far-field radiation pattern of the coupled dipole-nanoresonator system. The 
strength of the E-field enhancement correlates with the δRexcitation emission
rad
/  radiative rate enhancement values.
The selection rules of plasmon hybridization predict that two types of localized resonances could appear, 
however the charge distributions show that only the lower energy bonding resonance is at play in SiV fluorescence 
enhancement, while the higher energy anti-bonding resonance is out of the inspected wavelength interval 
(Fig. 1c). The absence of anti-bonding resonance is caused by the moderate charge separation, which is limited by 
the small size of the optimized spherical core-shell resonator. This explains that the Purcell factor and 
Rexcitation emission
rad
/δ  radiative rate enhancement of the optimized CSCS configuration show one single peak originat-
ing from bonding resonance causing that an efficient resonant coupling occurs only at the wavelength of emission 
Figure 1. Optical response of an optimized spherical core-shell nanoresonator containing a centralized dipole. 
(a) Purcell factor i.e. total decay rate enhancement and quantum efficiency (b) radiative rate enhancement 
and scattering cross-section spectra of the optimized configuration corresponding to excitation (dashed lines) 
and emission (solid lines), inset: zoomed spectra around the excitation wavelength. (c) Distribution of the 
surface charge density in arbitrary units and the normalized E-field enhancement with respect to vacuum on a 
logarithmic scale at the SiV excitation (top) and emission (bottom).
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(Fig. 1a). Although, the scattering cross-section for plane wave illumination indicates a peak close to SiV excita-
tion, the centralized dipole is not capable of resulting in a charge separation, which could promote radiation 
escaping at this wavelength.
Decentralized dipole in optimized spherical concave core-shell nanoresonator (DSCS). In the 
second step, the dipole was decentralized inside a spherical concave core-shell nanoresonator. In this case one 
more variable has to be optimized, namely the δx displacement of the dipole from the center. The 0.852 GAR of 
the optimized DSCS is very close to that of the optimized CSCS, shown in section on CSCS and Supplementary 
Table S1. Decentralization by δx = 29.6 nm results in that the optical response is no longer independent of the 
dipole spatial orientation. Accordingly, different far-field responses are collected in excitation and emission con-
figurations, please note the differences between spectra determined via wavelength sweeps, indicated by dashed 
and solid curves in Fig. 2a and b.
Our results surprisingly show that dipole decentralization is not advantageous in case of a spherical core-shell 
resonator. Optimal configurations of DSCS always exhibit nearly centralized optimal dipole locations, however 
some local maxima were found in total fluorescence enhancement in case of a larger dislocations, such as the 
DSCS configuration presented here. In the optimized DSCS the 1.01 excitation rate enhancement is just above 
unity and is commensurate with that in CSCS, however it already fulfills the criterion regarding the excitation 
enhancement. The 319-fold emission rate enhancement is 2/3 times smaller than that in the centralized case, as a 
consequence the total fluorescence enhancement, namely the Px factor is 321-fold in DSCS. The QE is smaller at 
the excitation, than at the emission, i.e. their ratio is reversed with respect to that in CSCS. Despite the same 50% 
cQE criterion, the optimization results in a decentralized system with significantly better 57.5% cQE, in accord-
ance with the larger r1 dielectric core radius (Supplementary Table S1). The achieved 5.75-fold improvement of 
the apparent cQE with respect to the QE0 of SiV also reveals that the forced dipole decentralization leads to local 
maxima in emission enhancement.
In DSCS the dipole is moved away from the center of nanoshell, which breaks the spherical symmetry of the 
E-field with respect to the nanoshell center, moreover leads to higher order multipolar resonances at smaller 
wavelengths (Fig. 2a–c). Namely, at increasing frequencies a bonding quadrupolar, hexapolar and even higher 
order resonances appear.
Significantly different near-field phenomena are observable according to the different ϕ oscillation directions 
of the dipoles corresponding to the transition moments of the SiV center, hence to their perpendicularity 
(Fig. 2c). In the presented optimal DSCS configuration a hexapolar mode enhances the excitation, however it is 
strongly nonradiative, as it is indicated on the wavelength dependent QE quantum efficiency and Rexcitation
radδ  radi-
ative rate enhancement (Fig. 2a,b and c top). The optimal configuration exhibits a dipolar resonance at the SiV 
emission in case of DSCS similarly to CSCS (Fig. 2c bottom). Although, a decreased dipole distance from the 
metal could ensure a larger total decay rate, namely Purcell factor than in CSCS, in DSCS decentralization leads to 
a significantly weaker dipole resonance of the coupled color-center and nanoresonator system at the SiV emission 
wavelength, which manifests itself in a smaller δRemission
rad  radiative rate enhancement.
Detailed inspection of the charge and near-field distribution shows that both the hexapolar charge distri-
bution at the excitation and the dipolar charge distribution at the emission are more cavity plasmon like and 
the corresponding E-field enhancements are more commensurate than in CSCS (Fig. 2c). At both wavelengths, 
a well-defined E-field depletion is observable with respect to that in a homogeneous environment around the 
dipole in the resonator, along its oscillation direction. However, the near-field is the weakest inside the metal 
shell, where the distance is the smallest from the dipole. Further non-equidistantly distributed five minima (one 
opposing minimum) appear(s) at the SiV excitation (emission) wavelength, where the surface charge distribution 
has additional five local maxima (one local maximum). Considerable near-field enhancement is observable at the 
Figure 2. Optical response of an optimized spherical core-shell nanoresonator containing a decentralized 
dipole. (a) Purcell factor i.e. total decay rate enhancement and quantum efficiency (b) radiative rate 
enhancement and scattering cross section spectra of the optimized configuration corresponding to the 
excitation (dashed lines) and emission (solid lines), inset: zoomed spectra around the excitation wavelength. 
(c) Distribution of the surface charge density in arbitrary units and the normalized E-field enhancement with 
respect to vacuum on logarithmic scale at the SiV excitation (top) and emission (bottom).
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excitation as well, however its distribution is governed by the induced hexapole. The near-field enhancement of 
the coupled dipole-nanoresonator at both wavelengths is larger at the nanoresonator side opposing the dipole, 
caused by the broken symmetry of the illumination configuration. This can be explained by that the local strength 
of the LSPR on the core-shell nanoresonator almost equals, while the E-field of the reference dipole in a homoge-
neous environment is much weaker at the opposite side.
Although, the scattering cross-section for plane wave illumination indicates a larger peak at the SiV excitation, 
the nonradiative hexapolar charge separation even less promotes the radiation escaping at excitation, than the 
dipolar distribution in CSCS. In accordance with the spatially inhomogeneous near-field enhancement at the 
emission wavelength, and the smaller scattering cross-section for plane wave illumination, the induced dipole 
radiates less efficiently into the far-field with an oscillation center determined by the dipole dislocation in DSCS.
Decentralized dipole in optimized ellipsoidal concave core-shell nanoresonator (DECS). 
Symmetry breaking of the illumination configuration can be achieved not only by decentralizing the dipolar 
source inside a spherical nanoresonator, but also by deforming the shape of the concave core-shell nanoresonator 
itself. In present case deformation means the elongation of the spherical core-shell along the x-axis and creation 
of an ellipsoid. Nanoresonators with two different symmetry axes inherently have the potential to couple the light 
simultaneously into transversal and longitudinal plasmon resonances, which have smaller and larger resonance 
energies, respectively18–20.
Elongation of a core-shell nanoresonator has multiple effects on the optical response (Fig. 3). Most important 
is the splitting of the LSPR into longitudinal and transversal modes, which already occurs in case of a centralized 
dipole. Further effect of the core-shell nanoresonator elongation is the reduction of the dipole distance from the 
metal shell along the short axes. The shorter the distance is, the higher is the total decay rate enhancement quali-
fied by the Purcell factor. However, this can cause a decrease in quantum efficiency according to the increased heat 
dissipation into the metal that occurs in case of decreased distances.
Similarly to the case of decentralized spherical core-shell nanoresonators in section on DSCS, DECS has mul-
tiple higher order resonances at smaller wavelengths, which correspond to the transversal and longitudinal reso-
nances of the concave metal ellipsoid (Fig. 3a). Most of them are dark modes with very low quantum efficiency 
and hence result in insignificant radiative rate enhancement at their resonance wavelengths. In case of (δx = −4.29 
nm, δy = 2.37 nm) decentralization, 4.73 axis ratio and 4.76 nm shell thickness a resonance and a related 
Purcell factor peak appears at the SiV excitation and emission in the corresponding configuration (Fig. 3b, 
Supplementary Table S1). As a result, in the optimized DECS a well defined peak appears on the wavelength 
dependent Rexcitation emission
rad
/δ  radiative rate enhancement as well in the corresponding configuration. Although, the 
QE is only 3.3% at the excitation wavelength, the resonance strength is almost two orders of magnitude higher 
than that of the hexapolar mode in DSCS, which results in an excitation rate enhancement of 392. Despite the 
small 3.32 nm dipole distance from metal the resonance at the emission, the coupled SiV exhibits 50.6% cQE with 
a stronger total decay rate enhancement. The 1.58∙103 δRemission
rad  emission rate enhancement is one order of magni-
tude larger than in CSCS and DSCS, revealing that the ellipsoidal core-shell nanoresonator exhibits a plasmonic 
resonance, which is capable of resulting in a more significant radiation escaping, than the spherical ones 
(Fig. 3a,b). The total fluorescence enhancement, namely the Px factor is 6.2∙105-fold in the optimized DECS 
configuration.
The dipole moments lie along the short- and long semi axes at the excitation and emission, respectively, which 
ensure the full exploitation of the transition dipole moment orthogonality. The simultaneous excitation and emis-
sion enhancement is due to the higher (lower) energy resonance at the excitation (emission), which originates 
from a transversal (longitudinal) dipolar mode along the short (long) axis of the ellipsoid according to the surface 
Figure 3. Optical response of an optimized ellipsoidal core-shell nanoresonator containing a decentralized 
dipole. (a) Purcell factor i.e. total decay rate enhancement and quantum efficiency (b) radiative rate 
enhancement and scattering cross-section spectra of the optimized configuration corresponding to the 
excitation (dashed lines) and emission (solid lines), inset: zoomed spectra around the excitation wavelength. 
(c) Distribution of the surface charge density in arbitrary units and the normalized E-field enhancement with 
respect to vacuum on logarithmic scale at the excitation and emission.
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charge distribution (Fig. 3c top (bottom)). The charge distribution indicates that the cavity plasmon is dominant 
at the first order transversal resonance. This resonance is less radiative because of the higher material loss in the 
metal at smaller wavelength, the small dipole distance and the significant contribution of the primitive cavity 
plasmon (Fig. 3c top). In contrast, the lower energy resonance corresponds to the longitudinal dipolar reso-
nance, and the charge distribution indicates that the primitive spheroid plasmon is dominant in this case (Fig. 3c 
bottom).
The near-field enhancement is higher inside and outside the nanoellipsoid at the excitation and emission, 
respectively (Fig. 3c). At both wavelengths, a well-defined E-field depletion is observable with respect to that in 
a homogeneous environment in the resonator around the dipole, which is oriented along the short axis at both 
wavelengths however it is more confined at the excitation. Surprisingly, the near-field is the weakest along the 
short axes as well as inside the metal shell independently of the dipole orientation, even if the surface charge 
distribution has local maxima and minima at the excitation and emission wavelength, respectively. At the excita-
tion wavelength, the near-field of the coupled dipole-nanoresonator exhibits the strongest enhancement inside 
the nanoresonator between the oppositely charged walls in accordance with the literature5. The enhancement is 
not homogeneous, it is larger along the long axis of the ellipsoidal nanoresonator, while it is relatively smaller at 
the resonator walls adjacent to the dipole. In contrast at the emission wavelength the near-field enhancement 
originating from longitudinal resonance is concentrated outside the nanoresonator, moreover at the tips of the 
nanorods the local enhancement indicates that the lightening rod effect is at play.
It is important to note that even though the scattering efficiency of the DECS is significantly smaller than that 
of CSCS and DSCS at the SiV excitation, two orders of magnitude larger Rexcitation
radδ  radiative rate enhancement 
occurs, indicating that the ellipsoid could promote light escaping also at this wavelength. Despite the commensu-
rate near-field enhancements, the induced longitudinal dipole radiates efficiently into the far-field, again with an 
oscillation center governed by the dipole dislocation.
Decentralized dipole in optimized rod-shaped concave core-shell nanoresonators (DRCS). We 
have optimized also rod-shaped concave core-shell nanoresonators, where higher δRexcitation emission
rad
/  radiative rate 
enhancements are expected according to their more robust antenna properties. In many aspects, the optimized 
rod-shaped core-shell nanoresonator is similar to the optimized DECS presented in previous section. In case of 
(δx = 0 nm, δy = 1∙10−2 nm) decentralization, 4.4 axis ratio and 4.55 nm shell thickness resonance peaks appear 
at the SiV excitation and emission in the corresponding configuration, moreover multiple resonances develop 
below the SiV excitation wavelength, despite the significantly less decentralized dipole source with respect to 
DECS (Fig. 4a, Supplementary Table S1).
Although, the resonances in DRCS are stronger than in DECS, the slightly smaller 2.94% QE makes it pos-
sible to reach a 388-fold excitation rate enhancement, which is slightly smaller than in DECS. There is a more 
significant difference between DECS and DRCS at the SiV emission wavelength. Namely, the longitudinal dipole 
resonance tuned to the SiV emission is accompanied by 4/3-times stronger 2150-fold radiative rate enhancement 
in DRCS, while the 50.3% cQE is slightly smaller. The excitation and emission enhancements together lead to a 
4/3-times stronger Px factor, since 8.34∙105 total fluorescence enhancement is achieved.
Again, only the dipolar transversal and longitudinal resonances contribute significantly to the δRexcitation emission
rad
/  
radiative rate enhancements at the excitation and emission wavelengths due to their relatively large QE. The rod’s 
geometry is capable of enhancing the excitation via the transversal dipolar cavity mode, which is a bonding mode 
according to the surface charge distribution (Fig. 4c top). In contrast, the longitudinal dipolar spheroid mode, 
which is again a bonding mode, makes possible the most significant emission enhancement among the inspected 
concave plasmonic resonators.
Figure 4. Optical response of an optimized rod-shaped core-shell nanoresonator containing a decentralized 
dipole. (a) Purcell factor i.e. total decay rate enhancement and quantum efficiency (b) radiative rate 
enhancement and scattering cross section spectra of the optimized configurations corresponding to the 
excitation (dashed lines) and emission (solid lines), inset: zoomed spectra around the excitation wavelength. (c) 
Distribution of the surface charge density and the normalized E-field enhancement with respect to vacuum on 
logarithmic scale at the excitation and emission.
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The near-field enhancement is higher inside and outside the nanorod at the excitation and emission, respec-
tively (Fig. 4c). At both wavelengths a well-defined E-field depletion is observable around the dipole in the reso-
nator with respect to that in a homogeneous environment, however it is oriented again along the short axis and 
it is more confined at the excitation, similarly to the optimized DECS. Inside the metal shell the near-field is the 
weakest along the short axes at the excitation, while at the emission wavelength there are similarly weak near-field 
areas along the short (long) axes, where the surface charge distribution has local minima (maxima). At the SiV 
excitation wavelength, the near-field of the coupled system exhibits the strongest enhancement inside the nano-
resonator between the oppositely charged walls, similarly to the nanoellipsoid5. The enhancement is not homo-
geneous, it is again larger along the long axis of the nanorod, similarly to DECS. In contrast, at the SiV emission 
wavelength near-field enhancement originating from the longitudinal resonance is observable exclusively outside 
the nanoresonator.
Despite the commensurate near-field enhancements, the induced longitudinal dipole radiates one order of 
magnitude more efficiently into the far-field with respect to the transversal dipole. The near-field enhancement is 
more symmetric at both wavelengths with respect to the DECS due to the almost centralized dipole. The stronger 
resonance at the emission is accompanied by a slightly smaller cQE, which indicates that a more antenna-like 
rod-shaped core-shell nanoresonator is capable of promoting the radiation escape despite the scattering efficiency 
commensurate with that of the optimized DECS consisting of a gradually narrowing diamond core.
Conclusions
In conclusion, we have shown that significant fluorescence enhancement is achievable by optimizing all of the 
inspected concave plasmonic core-shell nanoresonators. The optimized CSCS configuration is capable of result-
ing in a 482-fold emission enhancement due to the dipolar bonding LSPR tuned to emission wavelength, whilst 
at the excitation no significant enhancement occurs because of the absence of higher order multipolar modes and 
the out of range antibonding resonance. The Px factor of CSCS is 529 with a 49.7% cQE at the emission, which 
corresponds to an approximately 5-fold δQE apparent quantum efficiency enhancement.
We have found that decentralization of the emitter is not advantageous, since optimizations always result 
in a global maximum corresponding to a centralized dipole. In case of a local maximum corresponding to the 
inspected DSCS, due to the broken symmetry of illumination, higher order multipolar modes appear on the 
enhancement spectra. Although, in this case the hexapolar bonding resonance is tuned to the excitation, no sig-
nificant excitation enhancement occurs caused by the nonradiative nature of this higher order multipolar mode. 
Similarly to the optimized CSCS, the optimized DSCS also has its dipolar resonance at the emission wavelength, 
which results in a 319-fold emission rate enhancement and a 321 Px factor. These parameters are smaller than in 
CSCS, however, the advantage of DSCS is that the fluorescence enhancement is accompanied by a larger 57.5% 
cQE.
In case of the optimized DECS higher order multipolar modes also appear at higher energies, however, the 
separation of transversal and longitudinal LSPRs due to different short and long axis lengths makes it possible to 
tune bright dipolar modes to the excitation and emission wavelengths simultaneously. In the optimized DECS 
possessing the transversal dipolar mode in the excitation configuration and the longitudinal dipolar mode in 
the emission configuration the Px factor is 6.20∙105, which is more than three-orders of magnitude larger than in 
CSCS. This large Px factor is accompanied by the intermediate 50.6% cQE, which corresponds to an approximately 
5-fold δQE enhancement.
The optimized DRCS exploits transversal and longitudinal dipolar resonances to enhance SiV fluorescence 
similar to those observed in the optimized DECS configuration according to their similar shape, manifesting 
itself in similar long-to-short axes ratio. However, DRCS shows a slightly smaller excitation rate enhancement 
than DECS, while its radiative rate enhancement at the emission is almost 1.5-times larger according to the more 
robust antenna properties, which is accompanied by a similar intermediate 50.3% cQE apparent quantum effi-
ciency. The Px factor of the optimized rod-shaped concave core-shell nanoresonator is 8.34∙105, which indicates 
the highest total fluorescence enhancement among the presented nanoresonators accompanied by 5-fold δQE. 
It is possible to increase the enhancement even higher, however, it results in smaller cQE hence allows smaller 
apparent quantum efficiency enhancement.
Methods
Calculations were realized via the commercially available COMSOL Multiphysics RF module, by applying our 
previously developed optical response readout methodology17. The fluorescent color center is approximated by a 
pure point-like electric dipole embedded into a diamond dielectric environment and the Prad dipole power radi-
ated towards the far-field and the Pnon-rad power dissipated as a heat inside the metal, acting as an inhomogeneous 
environment, were calculated. The quantities characterizing the coupled SiV center - core-shell nanoresonator 
system are the Purcell factor of the dipole41,42 and QE quantum efficiency of the coupled SiV center and core-shell 
nanoresonator, as well as the product of them, which equals to the δRrad radiative rate enhancement with respect 
to vacuum, i.e. is identical with the fluorescence rate enhancement17:
δ = ⋅ =
+
⋅
+
=
−
−
R Purcell QE P P
P
P
P P
P
P
,
(1)
rad
rad non rad
rad
rad
rad non rad
rad
rad
0 0
where P0rad is the power emitted by the point-like electric dipole in vacuum. During the numerical computations 
the emitter was treated as a lossless dipole, hence the QE0 ~ 10% intrinsic quantum efficiency of SiV centers at 
their emission wavelength has been taken into account during the post-analysis37–39. Accordingly, the ideal QE 
has been corrected to determine the corrected cQE at the emission as follows:
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The δQE apparent quantum efficiency enhancement of SiV centers is also presented for each coupled systems, 
which is the ratio of the cQE corrected quantum efficiency and the QE0 intrinsic quantum efficiency. According to 
reciprocity theorem the Rexcitation
radδ  excitation and δRemission
rad  emission rate enhancement can be calculated with the 
same method.
Similarly to our previous paper, a conditional optimization has been performed, by taking into account that 
the Purcell factor and QE of the coupled dipole – nanoshell resonator systems are inversely proportional17. The 
criterion set regarding the δRexcitation
rad  radiative rate enhancement at the excitation was that it has to be larger than 
unity, while a cQE larger than a specific value, namely 50–40–30–20% was demanded at the emission. These cQE 
values correspond to approximately 5–4–3–2-fold δQE apparent quantum efficiency enhancement of SiV centers. 
The objective function was the product of radiative rate enhancements at the excitation and emission wave-
lengths, which is nominated as Px factor:
δ δ= ⋅ .P R R (3)x excitation
rad
emission
rad
The in-house developed GLOBAL optimization algorithm was implemented into COMSOL43,44. The configura-
tion of four different coupled systems has been optimized:
 1. Centralized spherical core-shell (CSCS): The dipole was exactly in the center of a spherical silver nanoshell and 
the fluorescence enhancement in the 2D parameter space of the r1 core radius and t shell thickness was inspect-
ed. One can expect only one single resonance peak in CSCS in the inspected wavelength interval, because of the 
significant damping of the higher energy anti-bonding asymmetrical resonance (Supplementary Figs S1–S3).
 2. Decentralized spherical core-shell (DSCS): A decentralized dipole is embedded into a spherical nanoreso-
nator composed of a silver nanoshell. According to the symmetry breaking of illumination, multiple plas-
monic resonances are expected, which can be precisely tuned to the desired wavelengths simultaneously.
 3. Decentralized ellipsoidal core-shell (DECS): A decentralized dipole is embedded into an ellipsoidal core-
shell nanoresonator composed of a silver nanoshell, which is elongated along one of its axes. Breaking the 
spherical symmetry of the concave nanoresonator inherently leads to multiple resonances, therefore it is 
expected that resonances with appropriate energy difference can be finely tuned to the desired wavelengths 
simultaneously.
 4. Decentralized rod-like core-shell (DRCS): Deforming the ellipsoid into a rod-shaped nanoshell improves 
the antenna features of the concave nanoresonator, therefore it is expected that the optimized DRCS may 
lead to a larger radiative rate enhancement.
The far-field radiative rate enhancement spectra are presented for each type of core-shell resonators. To extract 
the wavelength dependent radiative rate enhancement, the frequency of the monochromatic dipole was swept in 
the [400 nm, 900 nm] interval. For further analyses the scattering cross-sections of nanoresonators were also 
determined via plane wave illumination in the same [400 nm, 900 nm] interval. The surface charge distribution 
on the nanoshell is also presented to uncover the type of underlying plasmonic resonances involved into the flu-
orescence enhancement. In addition to this, the spatial distribution of the E-field enhancement is presented as 
well. Although, in case of an experimental realization the parameters including the r1 core radius and t shell 
thickness, i.e. the GAR, as well as the (x, y) dipole position and (ϕ, θ) orientation have relatively large uncertain-
ties, our results are presented with 0.1% accuracy, according to the high numerical stability of the finite element 
model computation. The optimized coupled SiV center - core-shell resonator systems are ranked based on the 
product of the Rexcitation
radδ  excitation and δRemission
rad  emission rate enhancements, namely on the value of the Px fac-
tor. In the main text, we present the optimized coupled systems determined by setting 50% cQE criterion, which 
have approximately 5-fold δQE apparent quantum efficiency enhancement, whilst further optimization results are 
provided in the Supplementary material (Supplementary Figs S4–S7). The datasets generated and analyzed during 
the current study are available from the corresponding author on reasonable request.
References
 1. Kalele, S. A. et al. Optical detection of antibody using silica–silver core–shell particles. Chem. Phys. Lett. 404, 136–14 (2005).
 2. Rehor, I. et al. Plasmonic nanodiamonds: Targeted core–shell type nanoparticles for cancer cell thermoablation. Adv. Healthcare 
Mater 4, 460–8 (2015).
 3. Oldenburg, S. J., Averitt, R. D., Westcott, S. L. & Halas, N. J. Nanoengineering of optical resonances. Chem. Phys. Lett. 288, 243–247 
(1998).
 4. Tam, F., Chen, A. L., Kundu, J., Wang, H. & Halas, N. J. Mesoscopic nanoshells: Geometry-dependent plasmon resonances beyond 
the quasistatic limit. J. Chem. Phys. 127, 204703 (2007).
 5. Oldenburg, S. J., Hale, G. D., Jackson, J. B. & Halas, N. J. Light scattering from dipole and quadrupole nanoshell antennas. Appl. Phys. 
Lett. 75, 1063 (1999).
 6. Prodan, E. & Nordlander, P. Plasmon hybridization in spherical nanoparticles. J. Chem. Phys. 120, 5444 (2004).
 7. Park, T.-H. & Nordlander, P. On the nature of the bonding and antibonding metallic film and nanoshell plasmons. Chem. Phys. Lett. 
472, 228–231 (2009).
 8. Bardhan, R., Grady, N. K., Ali, T. & Halas, N. J. Metallic nanoshells with semiconductor cores: Optical characteristics codified by 
core medium properties. ACS Nano 4, 6169–6179 (2010).
 9. Prodan, E., Lee, A. & Nordlander, P. The effect of a dielectric core and embedding medium on the polarizability of metallic 
nanoshells. Chem. Phys. Lett. 360, 325–332 (2002).
www.nature.com/scientificreports/
9Scientific REPORTS | 7: 13845  | DOI:10.1038/s41598-017-14227-w
 10. Tam, F., Moran, C. & Halas, N. J. Geometrical parameters controlling sensitivity of nanoshell plasmon resonances to changes in 
dielectric environment. J. Phys. Chem. B 108, 17290–17294 (2004).
 11. Bardhan, R. et al. Nanosphere-in-a-nanoshell: A simple nanomatryushka. J. Phys. Chem. C 114(16), 7378–7383 (2010).
 12. Prodan, E., Radloff, C., Halas, N. J. & Nordlander, P. A hybridization model for the plasmon response of complex nanostructures. 
Science 302, 419–422 (2003).
 13. Blanco, L. A. & de Abajo, G. F. J. Spontaneous light emission in complex nanostructures. Phys. Rev. B 69, 205414 (2004).
 14. Thomas, M., Greffer, J.-J., Carminati, R. & Arias-Gonzalez, J. R. Single-molecule spontaneous emission close to absorbing 
nanostructures. Appl. Phys. Lett. 85, 3863 (2004).
 15. Kühn, S., Hakanson, U., Rogobete, L. & Sandoghdar, V. Enhancement of single-molecule fluorescence using a gold nanoparticle as 
an optical nanoantenna. Phys. Rev. Lett. 97, 017402 (2006).
 16. Liu, S.-Y. et al. Simultaneous excitation and emission enhancement of fluorescence assisted by double plasmon modes of gold 
nanorods. J. Phys. Chem. C 117, 10636 (2013).
 17. Szenes, A. et al. Enhancing diamond color center fluorescence via optimized plasmonic nanorod configuration. 
Plasmonics 12, 1263–1280 (2017).
 18. Cortés, E. et al. Plasmonic nanoprobes for stimulated emission depletion nanoscopy. ACS Nano 10, 10454–10461 (2016).
 19. Wang, H., Brandl, D. W., Le, F., Nordlander, P. & Halas, N. J. Nanorice:  A hybrid plasmonic nanostructure. Nano Lett. 6, 827–832 
(2006).
 20. Brandl, D. W. & Nordlander, P. Plasmon modes of curvilinear metallic core/shell particles. J. Chem. Phys. 126, 144708 (2007).
 21. Li, M., Zhang, Z. S., Zhang, X., Li, K. Y. & Yu, X. F. Optical properties of Au/Ag core/shell nanoshuttles. Opt. Express 16, 14288–14293 
(2008).
 22. Liu, J., Maaroof, A. I., Wieczorek, L. & Cortie, M. B. Fabrication of hollow metal “nanocaps” and their red-shifted optical absorption 
spectra. Adv. Mater. 17, 1276–1281 (2005).
 23. Wang, H. et al. Symmetry breaking in individual plasmonic nanoparticles. P. Natl. Acad. Sci. USA 103, 10856–10860 (2006).
 24. Charnay, C. et al. Reduced symmetry metallodielectric nanoparticles:  chemical synthesis and plasmonic properties. J. Phys. Chem. 
B 107, 7327–7333 (2003).
 25. Slocik, J. M., Tam, F., Halas, N. J. & Naik, R. R. Peptide-assembled optically responsive nanoparticle complexes. Nano Lett. 7, 
1054–1058 (2007).
 26. Westcott, S. L., Jackson, J. B., Radloff, C. & Halas, N. J. Relative contributions to the plasmon line shape of metal nanoshells. Phys. 
Rev. B 66, 155431 (2002).
 27. Averitt, R. D., Sarkar, D. & Halas, N. J. Plasmon resonance shifts of au-coated Au2S nanoshells: Insight into multicomponent 
nanoparticle growth. Phys. Rev. Lett. 78, 4217–4220 (1997).
 28. Aharonovich, I., Enguld, D. & Milos, T. Solid-state single-photon emitters. Nat. Photonics 10, 631–641 (2016).
 29. Martín-Cano, D., Martín-Moreno, L., García-Vidal, F. J. & Moreno, E. Resonanceenergy transfer and superradiance mediated by 
plasmonic nanowaveguides. Nano Lett. 10, 3129–3134 (2010).
 30. Curto, A. G. et al. Unidirectorial emission of a quantum dot coupled to a nanoantenna. Science 329, 930–933 (2010).
 31. Choy, J. T. et al. Enhanced single-photon emission from a diamond-silver aperture. Nat. Photonics 5, 738–743 (2011).
 32. Bermúdez-Urena, E. et al. Coupling of individual quantum emitters to channel plasmons. Nat. Commun. 6, 7883 (2015).
 33. Rogers, L. J. et al. All-optical initialization, readout, and coherent preparation of single silicon-vacancy spins in diamond. Phys. Rev. 
Lett. 113, 263602 (2014).
 34. Evans, R. E., Sipahigil, A., Sukachev, D. D., Zibrov, A. S. & Lukin, M. D. Narrow-linewidth homogeneous optical emitters in diamond 
nanostructures via silicon ion implantation. Phys. Rev. Applied 5, 044010 (2016).
 35. Rogers, L. J. et al. Electronic structure of the negatively charged silicon-vacancy center in diamond. Phys. Rev. B 89, 235101 (2014).
 36. Lee, J. C., Aharonovich, I., Magyar, A. P., Rol, F. & Hu, E. L. Coupling of silicon-vacancy centers to a single crystal diamond cavity. 
Opt. Express 20, 8891–8897 (2012).
 37. Neu, E. et al. Low-temperature investigations of single silicon vacancy colour centres in diamond. New J. Phys. 15, 043005 (2013).
 38. Neu, E., Agio, M. & Becher, C. Photophysics of single silicon vacancy centers in diamond: implications for single photon emission. 
Opt. Express 20, 19956–19971 (2012).
 39. Kumar, S., Davydov, V. A., Agafonov, V. N. & Bozhevolnyi, S. I. Excitation of nanowire surface plasmons by silicon vacancy centers 
in nanodiamonds. Opt. Mater. Express 7, 2586–2596 (2017).
 40. Frimmer, M., Mohtashami, A. & Koenderik, A. F. Nanomechanical method to gauge emission quantum yield applied to nitrogen-
vacancy centers in nanodiamond. Appl. Phys. Lett. 102, 121105 (2013).
 41. Pelton, M. Modified spontaneous emission in nanophotonic structures. Nat. Photonics 9, 427 (2015).
 42. Hoang, T. B. et al. Ultrafast spontaneous emission source using plasmonic nanoantennas. Nat. Commun. 6, 7788 (2015).
 43. Csendes, T., Garay, B. M. & Bánhelyi, B. A verified optimization technique to locate chaotic regions of Hénon systems. J. Global. 
Optim. 35, 145 (2006).
 44. Csendes, T., Pál, L., Sendin, J. O. H. & Banga, J. R. The GLOBAL optimization method revisited. Optim. Lett 2, 445–454 (2008).
Acknowledgements
The research was supported by the National Research, Development and Innovation Office-NKFIH through 
project “Optimized nanoplasmonics” K116362. Mária Csete acknowledges that the project was supported by 
the János Bolyai Research Scholarship of the Hungarian Academy of Sciences. The authors would like to thank 
helpful discussions with Professor Marko Loncar concerning the plasmonic enhancement of diamond color 
center emission, with Professor Fedor Jelezko and Professor Adam Gali regarding the spectral properties of 
color centers, as well as with Professor Imre Dékány, Dr. Miklós Veres and Dr. Edit Csapó on the experimental 
feasibility. The authors would like to thank Géza Veszprémi and Dávid Vass for the figures preparation.
Author Contributions
M.C. contributed to the paper by proposing the novel concept of coupled emitter-nanoresonator configuration 
optimization in case of specific concave core-shell nanoresonators. B.B. and T.C. provided the method of 
optimization. A.S., M.C., B.B. and L.Z.S. contributed to data collection on and analysis of the optimized coupled 
emitter-nanoresonator configurations. A.S. and M.C. wrote the manuscript. G.S. contributed to the initial concept 
of the paper by suggesting optimization of quantum systems. All co-authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14227-w.
Competing Interests: The authors declare that they have no competing interests.
www.nature.com/scientificreports/
1 0Scientific REPORTS | 7: 13845  | DOI:10.1038/s41598-017-14227-w
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
